We present a method for the reliable detection and source characterisation of faecal pollution in water and shellfish matrices, utilising real-time PCR analysis of mitochondrial DNA targets. In this study we designed real-time PCR (TaqMan) probes to target human, bovine, ovine and swine mtDNA. PCR amplification using species-specific TaqMan probes on faecal matter and mixed effluent slurries revealed no cross-reactions between species of interest and other vertebrate faecal matter. Performed as a single blind experiment we were able to correctly identify faecal material in 17/20 effluents (85% correct). mtDNA degrades relatively quickly in faecally-spiked water samples (,2 weeks), a similar timeframe of environmental persistence to several bacterial faecal indictors, highlighting its applicability. The procedure described here is specific, rapid (,5 hours) and sensitive. These results confirm the suitability of using species-specific mtDNA as an indicator in source tracking studies in surface waters, shellfish harvesting areas and shellfish matrices.
INTRODUCTION
Bivalve filter feeding shellfish species, including oysters and mussels, are particularly sensitive to faecal contamination because a wide variety of pathogenic agents such as bacteria, viruses and parasites can be greatly concentrated in shellfish that are grown in faecally polluted water.
In particular, oysters (which are typically consumed raw) can present a significant health hazard when harvested from faecally-impacted waters, with outbreaks of norovirus and hepatitis A among the most common health-associated human risks. Waters contaminated with human faeces are generally regarded as a greater risk to human health, as they are more likely to contain human-specific enteric pathogens, including Salmonella enterica serovar Typhi, Shigella spp., hepatitis A virus, and norovirus (Scott et al. 2002) . The microbiological quality of surface waters is generally assessed by monitoring of faecal indicator bacteria such as E. coli. Unfortunately, the presence of faecal indicators in aquatic environments does not provide definitive information regarding their possible sources (Harwood et al. 2000) .
A wide variety of methods have been proposed for identifying and apportioning faecal pollution among putative sources. These source-tracking approaches tend to be categorised into library dependent and library independent methods (reviewed in Scott et al. 2002 and Simpson et al. 2002) . Library dependent methods begin with characterisation of a large collection of bacteria that are isolated from known sources. Typically, unknown environmental bacteria are compared to the database to identify their most likely source (Harwood et al. 2003) . Library dependent studies have successfully used numerous approaches in microbial source tracking studies, including carbohydrate utilisation, biochemical fingerprinting, antibiotic resistance profiling, genotypic methods such as ribotyping, or pulsed field gel electrophoresis patterns. Library independent methods tend to focus on the identification of host-specific bacteria doi: 10.2166/wst.2010.767 and/or viruses such as Bacteroides fragilis phages, coliphages, human/animal-specific viruses, or particular genotypic markers, such as coliphage genotyping, or the presence of Enterococcus faecium esp genes. In addition, chemical signatures that are considered source-specific to human faecal contamination, such as caffeine, detergents and whitening agents, and sterols have also been used with varying degrees of success in source tracking studies. It is generally established that there is no single methodology that is capable of identifying specific sources of faecal pollution in the environment with absolute certainty (Scott et al. 2002) . Thus, the careful use of several methods used simultaneously may offer greater reliability, validity, quantitation and temporal and spatial applicability to determine source of faecal contamination in surface waters and shellfish harvesting areas.
Recent reports have successfully utilised eukaryoticspecific mitochondrial DNA (mtDNA) sequences in microbial source tracking studies (Martellini et al. 2005; Caldwell et al. 2007; Schill & Mathes 2008; Kortbaoui et al. 2009 ). There are several important advantages to using mtDNA in this context. Firstly, PCR analysis of mtDNA can be used to identify the animal species directly rather than microbial or viral species associated with a specific host (Caldwell et al. 2007) . This is particularly important when identifying faecal sources from mammalian or avian species where no prior faecally-associated microbial or viral species have been identified. Analogously to 16S rRNA approaches used in microbial ecology, mtDNA contains many copies per cell (Andreasson et al. 2002; Caldwell et al. 2007 ) and carries sufficient sequence variation for species-specific differentiation (Martellini et al. 2005) . Crucially, faecal matter contains large numbers of exfoliated epithelial cells (Albaugh et al. 1992; Caldwell et al. 2007) . mtDNA is amenable using appropriate molecular approaches, such as conventional and realtime PCR, genomic sequencing etc. Such advantages make it an interesting and attractive target in microbial source tracking studies; however, to date, its applicability in shellfish harvesting waters and shellfish matrices has not been ascertained. In this study, we designed real-time PCR probes to target several potential sources of faecal contamination likely to impact shellfish harvesting sites (human, pig, cow and sheep). We found the assay sensitive, accurate and broadly applicable in shellfish matrices as well as marine and aquatic water samples. 
METHODS

Faecal samples and microcosm design
Shellfish bioaccumulation studies
For shellfish dosing experiments, two 450 litre-capacity marine tanks were filled with sterile seawater, and UV treated overnight. Un-depurated Pacific oyster (Crassostrea gigas) (120) were obtained from Poole harbour (Dorset, UK) via a wholesaler, and were evenly distributed onto 'Alibert' 41042 trays into a clean holding tank for 72 h to acclimatise and depurate. 5^0.1 g of faeces (pig, sheep and cow) were weighed into a 50 mL falcon tube containing 50^1 mL of phosphate buffered saline (PBS). The sample was vortexed and shaken vigorously and added to the depuration tanks.
DNA extractions
For nucleic acid extractions from water, a 500 mL volume of effluent homogenate was split equally across three 1.5 mL microcentrifuge tubes each containing 10 mL of well mixed silica bead suspension ('glassmilk'; Anachem). DNA was extracted using 1.5 mL of water using a commercially available NucliSens MiniMAG nucleic acid extraction method, essentially as previously described (Lowther et al. 2008) . The precipitate was pelleted using a refrigerated centrifuge (20 min. at 22,000 £ g) and all the supernatant removed by aspiration. The quality and quantity of DNA was determined using a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, Del.). Prior to analysis, all DNA extracted from effluent samples was coded to conceal their source from the investigators and to reduce measurement bias during single blind PCR analysis.
For DNA extractions from shellfish tissues, oysters were shucked, glanded and proteinase K treated as previously described (Lowther et al. 2008) prior to extraction using the NucliSens MiniMAG procedure, as above.
Primer design and TaqMan analysis
The primers and probes used in this study are shown in Table 1 . Sequences for human, pig, sheep and cow mitochondrial DNA were aligned and analysed using 
RESULTS AND DISCUSSION
This is the first study to utilise mtDNA analysis as a source tracking tool within the context of shellfish matrices and shellfish harvesting waters. Results of our experiments indicate that our real-time TaqMan probe-based PCR system can be used successfully to detect four targets simultaneously from single faecal sources in experimental microcosms and shellfish samples. The validation of these monoplex real-time PCR primers for this assay both individually and in combination showed the assay to be both specific and sensitive to pure sheep, cow, pig and human genomic DNA in spiked water samples, and did not demonstrate preferential amplification between targets (results not shown). No cross-reactions were evident, indicating that they are specific for these targets. When applied to experimentally amended microcosms (Table 2) , these primer sets were capable of accurately determining 85% of samples correctly. These results are comparable to other studies utilising mtDNA in source tracking approaches (Caldwell et al. 2007) . Of interest, we were able to successfully make approximate quantitative observations (high, medium and low faecal source readings, based on observed Ct results) from these amended microcosm samples (Table 2) . Some samples, however (3/20), provided inaccurate results (Table 2) . These samples provided a weak human signal, probably as a result of background contamination. In this regard, the highly sensitive nature of the 
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, and Bacteroides (Kreader 1998) and faecal coliforms (Sinton et al. 1999 ). More work is required to determine absolute rates of mtDNA degradation alongside these pathogen targets.
CONCLUSIONS
In conclusion, the method outlined here could be applicable in numerous fields, particularly as an initial investigative approach in shellfish harvesting areas impacted by faecal contamination. In addition, the technique is extremely rapid (taking less than 5 h from sample collection, DNA extraction and PCR), possesses high source discriminatory capabilities, and appears to be dually applicable to both shellfish and water matrices. Future studies should greatly extend the probes used here to encompass other eukaryote species that regularly provide significant sources of faecal material in complex 'real-world' settings (i.e. birds, seals, deer). In addition, methods for the comparative quantitation of mtDNA within and between species are necessary, as there are likely to be variations in mtDNA content, with significant ramifications for the use of this assay as a source tracking tool. In this regard, assays that can also incorporate indicator organisms such as E. coli, F þ bacteriophage and Enterococcus also need to be assessed within a vigorous framework of method performance characterisation.
